Introduction
Protein domains are discrete stable amino acid structures, comprising 40-400 amino acids (Sakarya et al. 2010 ). The protein domains are self-stabilizing in nature and often fold independently without the rest of the protein chain. They normally exist in spherical or lamellar arrangements. Many proteins are composed of more than one domain. About 65% of proteins in eukaryotes are multidomain proteins, while the prokaryotes consist of approximately 40% multidomain proteins (Vicatos et al. 2005; Sakarya et al. 2010) . Intriguingly, many important features and functions of multidomain proteins are based on the combination and cooperation of the individual domains in a multidomain context, such as specific molecular recognition of ligands or post-translational modifications in the regulation of cellular signalling (MacKinnon and Wodak 2015) .
Protease is an enzyme that can hydrolyse proteins and peptides. Many proteases secreted by bacteria are multidomain proteases, which are especially secreted by the marine bacteria (Chen et al. 2007a; Waschkowitz et al. 2009 ). The sequences and spatial structures of multidomain proteases vary among species. Those proteases are usually made up of the N-terminal domain (FTP domain or PepSY domain), the catalytic domain and C-terminal domain. Many researchers have proved that C-terminal domains such as polycystic kidney disease (PKD) domain, P-proprotein (P) domain, prepeptidase C-terminal (PPC) domain and collagen-binding domain (CBD) have a significant impact on the structure and function of a protease (Gao et al. 2010) . These domains serve as auto-inhibitors, substrate-targeting domains or as regulatory domains. In recent years, many C-terminal domains of bacterial proteases have been explored. Wang et al. (2008) have reported that in marine bacterium Pseudoalteromonas sp. SM9913, PKD domain can bind and swell the insoluble collagen to enhance the activity of collagenase during collagenolysis. Similar to the PKD domain, PPC domain of metalloprotease E495 from Pseudoalteromonas sp. SM495 increases the enzyme activity by binding C-phycocyanin and casein (He et al. 2012) , suggesting that the existence of C-terminal domains may be due to acclimatization of relative oligotrophic conditions in the sea. Some bacterial proteases with C-terminal domains have been studied as important virulence factors due to their implication in pathogenesis. Metalloprotease vEP from Vibrio vulnificus has many biological functions, including prothrombin activation and fibrinolysis (Chang et al. 2007) . Yun et al. found that protease vEP without C-terminal domain (Cter 100) showed lower catalytic efficiency than the wild type when cleaving protein substrates, such as prothrombin and fibrinogen. Although it showed that the C-terminal protease domains could play an important role in bacterial pathogenesis, separate domains will not cause bacterial diseases. Thus, some kinds of C-terminal domains like collagen-binding domain and peptidoglycanbinding domain were designed as target molecules to kill pathogenic bacteria or neutralize bacterial antigen (Tidhar et al. 2015; Liang et al. 2016) . Till now, C-terminal protease domains have received only scant attention in spite of their special ecological function and the prospects of biotechnology. Exploring the function of C-terminal protease domains will provide new insights into the application of novel biotechnologies of protein domains. The structure, function and possible biotechnology applications of a subset of C-terminal domains from a number of bacterial protease families are reviewed in this paper, which will help to broaden our understanding of C-terminal protease domains and explore novel applications of C-terminal protease domains.
Diversity of C-terminal domains
With increasing development in proteomics and enzymology, many novel proteases with C-terminal domains have been found. C-terminal domains like PKD domain, PPC domain, CBD, P domain, LPXTG anchor and C-ter 100 region were found to widely exist in prokaryotic proteases especially in marine bacteria (Table 1 and Fig. 1 ).
Polycystic kidney disease domain
PKD domain was originally found as a product of the human polycystin-1 gene. PKD is a genetic disorder in which abnormal cysts develop and grow in the kidneys (Bycroft et al. 1999; Chen et al. 2002) . Polycystin-1 is an evolutionarily conserved protein. Most of the extracellular segments of polycystin-1 are made up of 15 copies of an 80-90 amino acid repeat. This repeat was called as the PKD domain. After that, the PKD-like domains were identified in many hydrolytic enzymes from marine bacteria, such as chitinases, cellulases and bacterial proteases, as well as in archaeal surface layer proteins (Kim and Matsuzawa 2000; Chen et al. 2002; Orikoshi et al. 2005; Chang et al. 2007; Bauer et al. 2015) .
Bacterial prepeptidase C-terminal domain
PPC domain is normally found at the C terminus of bacterial secreted peptidases. Studies have shown that PPC domains were only found in bacteria and Archaea, especially in marine bacteria and pathogenic bacteria, but not in eukaryotes (He et al. 2012) . As shown in Table 1 , PPC domain normally performs as a single or short tandem repeat profiling in the C-terminal region of proteases secreted from marine bacteria, such as Vibrio, Pseudoalteromonas, Shewanella, Alteromonas and Aeromonas . Till now, PPC domains were found to exist in at least four different families of proteases, including metalloprotease M4, M9, M28 family and S8 family of serine protease (He et al. 2012; Kim et al. 2012; Rawlings et al. 2014) .
P-proprotein domain
P domain was first discovered in Kex2/Furin, a kind of Ca 2+ -dependent transmembrane protease in Xenopus laevis (Glew et al. 2012) . It contains about 150 amino acid residues and presents a jelly-roll-like fold including a couple of antiparallel b-sheets and one single a-helix (Zhou et al. 1998) . P domain widely exists in serine proteases in both eukaryotes and prokaryotes, such as Kex2, Furin, proprotein convertases and serine proteases aqualysin I precursor in Thermus aquaticus (Wang et al. 2008) . Recent research showed that P domain also existed in the virus-like particles of Noroviruses (Chen et al. 2007b; Hansman et al. 2011 ).
Collagen-binding domain
CBD in collagenase is the minimal segment required to bind to a collagen fibril (Symersky et al. 1997; Katikaneni et al. 2012) . CBDs are normally found in the extracellular collagenolytic proteases from both animals and microorganisms, especially in pathogenic bacteria. CBDs exist in both terrestrial and marine bacteria, including pathogenic bacteria. CBDs play an important role in the process of Clostridium histolyticum collagenase degrading collagen that leads to gas gangrene (Ohbayashi et al. 2013) .
Other domains
Except for the C-terminal domains mentioned above, LPXTG motif and C-ter 100 have also been reported. LPXTG motif-containing region was found in the serine protease from Staphylococcus and Streptomyces species (Mariscotti et al. 2012) . A common feature of LPXTG domains appears to be a high proportion of charged and zwitterionic residues immediately upstream of the LPXTG motif. C-ter 100 was found in C-terminal of metalloprotease vEP from V. vulnificus (Yun et al. 2013) . In NCBI Conserved Protein Domain Database, C-ter 100 is classified as the PPC domain. Thus, we would discuss it with the PPC domain in this paper.
As shown in Fig. 1 and Table 1 , C-terminal domains are ubiquitous in the bacterial proteases, especially in marine bacteria. Extracellular proteases in marine bacteria have been proposed to play an important role in nitrogen cycling including degrading insoluble substrates like collagen. The broad existence of C-terminal domains in extracellular proteases probably indicates that C-terminal domains may have adapted to the challenge of relative oligotrophic conditions in the marine environment. On the other hand, observation of domain structures shows that C-terminal protease domains have the similar secondary and tertiary structures, except for LPXTG anchor. LPXTG anchor, as a cell wall surface protein, contains one a-helix structure, which may mediate adhesion and entry into the cell surface.
Structural homology of C-terminal protease domains
The sequences of C-terminal protease domains were collected from NCBI database and the secondary and tertiary structures were constructed by homology modelling using SWISS-MODEL, a fully automated protein structure homology-modelling server (Vicatos et al. 2005; Rawlings et al. 2014; Kelley et al. 2015) . The model of P domain was built with the homology module using the crystal structure of P_proprotein (residues 472-592) of serine protease from Aeromonas sobria (PDB code: 3HJR) as template (Kobayashi et al. 2009 ). The model of PPC was built with the homology module using the solution structure of metalloprotease vEP c-ter 100 of Vibrio vulnificus (PDB code: 2LUW) as template (Yun et al. 2013) . The model of PKD was built with the homology module using the crystal structure of the PKD1 domain from Vibrio cholerae metalloprotease prtv (PDB code: 4L9D) as template (Edwin et al. 2013 . The crystal structure of CBD from Staphylococcus aureus has been determined (PDB code: 2F6A) (Zong et al. 2005 ). The secondary and tertiary structure of CBD, PKD, PPC and P domain are shown in Figs 2 and 3. By structural database analysis, C-terminal domains of proteases share the similar tertiary structures, despite low sequence identity between domains. The similarity in the structure may indicate that they perform the similar function. According to the classification criteria of protein structure of SCOP database, C-terminal protease domains are full of beta-sheet segments ( Fig. 2) and are classified into all beta protein family (Fig. 3) .
Immunoglobulin-like beta-sandwich
The PKD and PPC domains belong to Immunoglobulinlike (Ig-like) beta-sandwich protein. The GRAVY (grand average of hydropathicity) of PKD domain and PPC domain are À0Á552 and À0Á085 (Table 1) , which means those domains have a high affinity for hydrophilic substrates like collagen. Edwin et al. (2013) found a conserved sequence with aromatic residues (-WDFGDG-) exist in the hydrophobic surface of b-sheets through the alignment of PKD domains sequences from different bacteria proteases. In the work done by Zhao et al. (2008) , two aromatic residues in the PKD domain were mutated and they found that aromatic amino acids of PKD play key roles in their binding to insoluble collagens. The work done by He et al. (2012) and Yun et al. (2013) showed that four conserved tyrosine residues (aromatic amino acid) exist in the hydrophobic core of PPC domain and these amino acid residues play an important role in binding to the substrate. The characteristics of surface residues like high hydrophobicity and solvent accessibility suggested that this region could be a ligand-binding site (Chen et al. 2002 . These PKD and PPC domains are usually found in the extracellular parts of proteins involved in protein-protein or protein-carbohydrate interactions (Leettola et al. 2014) .
Single-stranded left-hand beta-helix and galactose-binding domain-like protein
CBD is a kind of single-stranded left-hand beta-helix protein while P domain is a galactose-binding domainlike protein. The crystal structure of CBD from Staph. aureus (PDB code: 2F6A) has been determined, which showed that CBD folded as a jelly-roll and consisted of two antiparallel b-sheets and two short a-helices (Zong et al. 2005) . Philominathan et al. (2012) found that the CBDs could bind unidirectionally to the undertwisted C terminus of triple helical collagen. They found that CBD preferred to bind to the Gly(G) and Ala(A) site in the collagen using small-angle X-ray scattering. The tertiary structure of P domain from Rattus norvegicus has been modelled by computer-assisted modelling (Fig. 3) . We found that the P domain was likely to have a four-stranded b-barrel motif as their core structure. Moreover, CBD and P domain both contain an alpha helix structure, which may benefit the stabilization of these two domains (Zhou et al. 1998; Edwin et al. 2013 ).
The functional diversity of C-terminal, b-Sandwich protease domains
Compared with the knowledge of the catalytic domains in the proteases, the current understanding of the feature of C-terminal domains are very limited. However, more and more studies have demonstrated that C-terminal domains have a significant influence on the structure and function of the proteases.
C-terminal protease domains are involved in protein-protein interactions
According to Fig. 3 , most of C-terminal domains are full of b-sheet structure and perform solvent inaccessibility. Many studies have shown that almost all the protein domains with a function of binding to special substrate contain an Ig-like or/and b-sandwich fold (Wang et al. 2008; Xu et al. 2011; Rawlings et al. 2014 ). Lim and Philominathan also found that the CBDs in serine proteases and collagenases were the minimal segments required to bind to a collagen fibril (Lim et al. 2011; Philominathan et al. 2012; Bauer et al. 2013 ).
Other research showed that the collagen-binding segment was not necessary to degrade gelatin (denatured, nontriple-helical collagen) and acid-solubilized collagen (Philominathan et al. 2012) . However, CBD is necessary to degrade insoluble collagen fibres (Bauer et al. 2015) . Moreover, Zong et al. (2005) have put forward a 'Collagen Hug' model to explain how CBDs caught a collagen fibril. The reaction was divided into three steps. First, one CBD (N2 domain) touched the collagen triple helix by polar and hydrophobic interactions. Subsequently, the N2 domain linker interacted with the proline residue of collagen. Finally, the N1 domain interacted with the N2 domain through multiple hydrophobic interactions and caught the rope tightly ( Fig. 4a) (Zong et al. 2005) . Chen et al. (2002) reported that PKD domains in proteases had extensive conservation of surface residues, suggesting that this region might be the functional site. A further study on PKD domain of serine protease MCP-01 from Pseudoalteromonas sp. SM9913 suggested that PKD domain could adsorb and swell the insoluble collagen ( Fig. 4b) (Bycroft et al. 1999; Chen et al. 2007a; Edwin et al. 2013) . The collagen fascicles were swollen by the PKD domain and the collagen monomers in the microfibril were dispersed and exposed, which efficiently facilitates the collagenolysis of the catalytic domain. Like the PKD domain, PPC domain also plays a key role in binding to the substrate (Chen et al. 2007a; He et al. 2012; Yun et al. 2013) . He et al. (2012) expressed the PPC domains of metalloprotease E495 as GST-fused proteins and both of the two recombinant PPC domains showed the binding ability to protein substrates C-phycocyanin and casein. Yun found a 60% decrease of the enzymic activity of vEP without C-ter 100 region, which suggests that C-ter 100 could directly bind to the collagen during the protease cleavage reaction (Kim et al. 2012; Yun et al. 2013) . From all these previous studies, we can find that the C-terminal domains are necessary for proteases to perform binding and anchoring function. To study how the CBDs attach themselves to collagen, Zong et al. proposed a dynamic model for CBD-collagen interaction. This dynamic model showed that the bulky hydrophobic Tyr(Y) and Phe(F) residues of the CBDs have interacted with the proline residues of collagen (Zong et al. 2005) . Furthermore, He et al. (2012) have constructed a series of site-directed mutant forms of the PPC domain and also proved that aromatic residues Tyr(Y) and Trp(W) played key roles in protein binding.
C-terminal protease domains are associated with proteases translocation
Some studies have reported that some kinds of C-terminal domains facilitated the proteases translocation across the cytoplasmic membrane. Kim studied on extracellular serine protease aqualysin I secreted by T. aquaticus YT-1 (Kim and Matsuzawa 2000) . They found that most mature aqualysin I (wild type) were present in outer membrane, whereas for the C terminus deletion mutants, aqualysin I remained in the cytoplasm. The result indicated that C terminus deletion mutants of aqualysin I were not translocated across the cytoplasmic membrane, despite the existence of an N-terminal signal peptide. This phenomenon illustrated that the Cterminal domains of aqualysin I were required in the coordinated secretion of extracellular proteases. In addition, many studies found that C-terminal domains in Porphyromonas gingivalis and Rhodothermus marinus were essential for protein secretion and attachment to the cell surface Veith et al. 2013; Saiki and Konishi 2014) . In Veith's study, three conserved sequence motifs were found in the C-terminal region by bioinformatics analyses. These motifs were used to construct hidden Markov models (HMMs). HMMs might be used to predict new protein domains from different species (Veith et al. 2013; Saiki and Konishi 2014) .
C-terminal protease domains have influence on enzyme activity
C-terminal domain presents as an inhibitor for the preprotease (Kim and Matsuzawa 2000) . To illustrate the function of C-terminal region in serine protease aqualysin I, Kim recombined aqualysin I and the C terminus deletion mutants in Escherichia coli (Kim and Matsuzawa 2000) . The results demonstrated that aqualysin I precursors with truncated mutants at the C terminus were much more rapidly processed than the wild-type aqualysin I precursors. This results suggested that the C-terminal region of aqualysin I might be an inhibitor for processing aqualysin I precursor. A study by Mizanur et al. (2013) on the function of C terminus of the catalytic domain of type A botulinum neurotoxin also proved that the C-terminal peptides competitively inhibit the normal catalytic activity of serotype A (LcA).
Step 1
(a) (b)
Step 2 Step 2 In contrast to this, some researchers found that the Cterminal protease domains could adapt to the protein structural flexibility and keep the stability of proteases. The PKD domains are usually found in the C-terminal parts of proteases. It did not show any signs of proteolysis activity while involving in protein-protein or proteincarbohydrate interactions (Leettola et al. 2014) . The study on metalloprotease PrtV presented that PKD domain with calcium ion controlled the protein domain linker flexibility and played a regulatory role in the self-maturation of the PrtV pro-protein (Edwin et al. 2013) . Arlaud et al. also found that the C terminus of serine protease C1s kept the flexibility through building a salt bridge (Symersky et al. 1997) .
P domain is necessary to keep the protease structure stable. Zhou et al. used convertase PC3 to study the proprotein convertase and its P domain. Compared to the function transform among various mutants and chimeras of the P domain, they proved that the P domain performed the function to stabilize the catalytic domain. Meanwhile, P domain is also closely related to pH regulation, calcium ions and the specificity of substrate recognition (Zhou et al. 1998) . Xu et al. (2011) , in their study, pointed out that C-terminal extension (CTE) of halolysin SptA would yield a b-jelly-roll-like structure and show collagen-binding activity. Furthermore, they found that the CTE was not essential for enzyme SptA folding, but the deletion of CTE might lead to decreased enzyme activity and be more prone to cause enzyme autolysis. A similar role of C-terminal domain was discovered in Haloarchaea. The CTE of halolysin R4 provides structural stability (Xu et al. 2011) .
Conclusion and future perspectives
Compared with the intensive studies of catalytic domains in proteases, our understanding of C-terminal protease domains is very limited. However, more and more studies showed that C-terminal domains had great influence on the structure and function of protease. These functions include adsorption, anchoring and swelling enzyme substrate, executing function in the secretory process, presenting as an inhibitor for the preprotease, adapting to the protein structural flexibility and stability.
Due to the special features of C-terminal protease domains (Edwin et al. 2013) , C-terminal domains could be applied to various fields including medicine, pesticide, daily chemical and food industries. In biomedical field, C-terminal domains can be used in molecular-targeted therapy for its specific binding capacity of corresponding substrate. Chemotherapy-induced alopecia is a devastating complication of chemotherapy. Parathyroid hormone (PTH) agonists and antagonists had ability to improve hair growth after chemotherapy. However, the retention time of PTH agonists and antagonists in subcutaneous tissue was too short to repair hair follicles ideally. CBDs have the ability to target and bind collagen near the hair follicle. To improve skin-targeted delivery and retention, PTH agonists and antagonists were fused to CBD (Katikaneni et al. 2012) . They found that the fusion proteins of PTH agonists and antagonists and CBD could stay in the collagen-rich tissues and remain active for more than 10 days. While without the CBD, PTH agonists and antagonists would disperse quickly and require frequent doses to achieve equivalent effects. The research showed that the fusion proteins could repair hair follicle damage after chemotherapy more effectively than using the PTH agonists or antagonists alone. Uchida et al. (2014) used CBD fusion protein to overcome the limited target specificity of human basic fibroblast growth factor (bFGF). They found that CBD-bFGF fusion protein possessed a strong affinity for demineralized bone matrix and could hasten periosteal bone formation. Similarly, for the specific collagen-binding activity of CBD, Kim discovered that human epidermal growth factor containing CBD could be used as a healing agent for wound tissue .
On the other hand, some domains play a synergistic role to improve the proteolysis activity Xu et al. 2011) , which can be used in enzyme engineering: enzyme fused with C-terminal domains for higheffective activity by combinatorial protein engineering. Miyoshi et al. (2001) found that the PPC domain could raise the proteolysis activity of metalloprotease vvp towards elastin or collagen. The CBD, PKD domain and C-ter 100 were also reported to increase the enzymatic hydrolysis of each protease in varying degrees (Zong et al. 2005; Wang et al. 2010; Xu et al. 2011) . Based on the synergistic ability of C-terminal domains, we can construct different kinds of C-terminal domains with catalytic domain by recombinant technology to increase the specific binding capacity and the catalytic efficiency of the enzyme.
Moreover, according to Wang's study, PKD domain has the ability to swell insoluble collagen observably by destroying the structures of collagen fibrils and microfibrils but no triple-helicase . In our research, we also observed that recombinant PPC domain could swell collagen. Scanning electron microscope observation showed that the collagen fascicles were dispersed and swollen (data not shown). Till now, the collagen fibres have been widely used in the manufacture of biodegradable scaffolds and haemostatic sponges (Miyoshi et al. 2001) . Santos Tde et al. (2015) have proved that the collagen sponge can promote bone repair through the repair of calvarial defect on mice. However, due to the low porosity of stent and collagen sponge, it is hardly to provide enough space to ensure homogenous cells and extracellular matrix distribution (Ng et al. 2004) . Thus, we can modify collagen fibres by PPC or PKD domain to create novel stent or sponge with high porosity ratio and good physical properties, which may be helpful in cell proliferation and to promote tissue repair. In food processing, insoluble collagen is hard to degrade to prepare collagen hydrolysates or active collagen peptides. C-terminal domain-like PKD and PPC domain can swell insoluble collagen and release collagen fibre, which is easier to be degraded by collagenases He et al. 2012) . Therefore, the PKD or PPC domains can enhance the catalytic efficiency of collagenases and can be used as biological swelling agents in food processing (Fang et al. 2016) . Although few research about the application of PKD and PPC domains have been reported, the binding and swelling effect of PKD and PPC domains will have wide application prospects in medicine, pharmacy, cosmetics and food industry in the future.
In conclusion, the C-terminal protease domains have wide application prospects in the area of medicine and biological material as well as other relevant fields. In this article, we have discussed and summarized the diversity, structural characteristics, functions and application prospect of C-terminal domains in multidomain proteases. The knowledge would be useful in understanding the biological significance of protease domains as well as helping us to explore novel biotechnologies and applications of C-terminal protease domain.
